Three-dimensional ͑3D͒ silicon nanostructures find use in applications such as high frequency mechanical resonators, 1 probes for magnetic resonance force microscopy, 2 and calorimetric studies. 3 In all such applications realizing the desired mechanical properties of silicon at the nanometer scale are of prime importance. Ion implantation is widely used in the semiconductor industry to modify material properties. Implantation of ions causes lattice damage 4 and subsequent amorphization at higher doses. 5 Recent work by Szabadi et al. 6 reported simultaneous determination of properties such as density, Poisson's ratio, and Young's modulus of silicon layers completely amorphized by implantation. As one makes a transition from micro to nanodimensions, a ''size effect'' on the Young's modulus of silicon is expected. Previous studies by Namazu et al. 7 to evaluate the size effects on mechanical properties of single crystal silicon concluded that the Young's modulus did not change when the size of the silicon nanocantilevers was reduced to 255 nm. A recent study 8 extended to a minimum thickness of 193 nm, but the Young's modulus was shown to remain unchanged from the bulk value. However, Li et al. 9 have reported a significant decrease of the Young's modulus ͑from 170 to 53 GPa͒ of silicon cantilevers as their thickness is reduced from 170 to 12 nm. This letter presents a study to tailor the Young's modulus of silicon 3D nanostructures ͑cantilever beams͒ by amorphizing their surface in a controlled manner using self-ion implantation at liquid nitrogen temperatures.
Tensile testing [10] [11] [12] and bending tests 13, 14 have been used to measure micron scale mechanical properties of silicon. Properties such as the effect of crystal orientation, surface roughness, Young's modulus, etc., have been characterized. In this study, silicon cantilever nanostructures were fabricated using silicon on insulator ͑SOI͒ wafers with a box thickness of 193 nm. 8 The fabricated beams were implanted with Si ϩ ions. Two different energies 100 and 35 keV were used for implantation at a dose of 1ϫ10 15 ions/cm 2 , in order to vary the thickness of the amorphized layer. The substrates were kept at a temperature of 77 K during irradiation in order to ensure complete amorphization and to produce an abrupt crystalline/amorphous interface in the lower energy case. Control samples of ͗100͘ silicon were placed alongside and implanted to enable Rutherford backscattering spectroscopy ͑RBS͒ channeling measurements for experimental determination of the amorphous layer thickness. Scanning electron microscopy ͑SEM͒ micrograph of the beams after implantation is shown in Fig. 1 . After the implantation, the mechanical properties of the beams were determined using an atomic force microscope.
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The Young's modulii of the beams were calculated assuming that the beams follow Euler-Bernoulli beam bending equations due to the fact that the length of the beam is much larger than its thickness, width, and defection values. For a cantilever fixed at one end, the deflection ''y'' produced by a load ''w'' applied at length ''l'' is given by 16 yϭ wl
, with Iϭ bh 3 
,
where, ''I'' is the area moment of inertia, ''b'' is the width of the beam obtained from atomic force microscope ͑AFM͒ scans, ''h'' is the thickness of the beam known from the box thickness of SOI wafers, and the ratio ''w/y'' is the experimentally determined load displacement ratio for the beam. The stopping and range of ions in matter ͑SRIM͒ program was used to simulate the behavior of implanted Si ions into silicon. The program determines the energies deposited via all recoil processes into the parent substrate using Monte Carlo simulations. Previous studies 6 indicate a threshold a͒ Author to whom correspondence should be addressed; electronic mail: apm2@engr.uark.edu value of 5.0ϫ10 23 eV/cm 3 for complete amorphization of silicon. The ion dose employed in the present study was 1 ϫ10 15 ions/cm 2 . This implies that minimum energy/ion/Å required to cause full amorphization is 5 eV/ion/Å. The solid horizontal line in Fig. 2 indicates this criterion. The simulations reveal that the entire thickness of the 193 nm beam is amorphized at an energy of 100 keV whereas at 35 keV only 83 nm of the total 193 nm beam thickness was amorphized.
In order to experimentally measure the depth of amorphized layers, control wafers were simultaneously implanted at the same energies and doses as the beams. RBS channeling data were obtained on these wafers as illustrated in Fig.  3 . The RBS channeling data were obtained using 2.0 MeV He ϩ ions at a scattering angle of 168°with the samples aligned for optimum channeling. Curves ͑a͒ and ͑b͒ indicate the data obtained from ͓100͔ single crystal silicon substrates implanted at the energies of 100 and 35 keV, respectively, at a dose of 1ϫ10 15 ions/cm 2 . Curve ͑c͒ shows the data from an unimplanted ͓100͔ Si substrate. Since the normalized yield in the surface regions equals that from a random spectrum ͑not shown in Fig. 3͒ , it can be concluded that the surface layers are completely amorphized. The sharp drop in the yield at channel 300 in Fig. 3 curve ͑b͒ indicates that the interface between amorphous layer and the underlying crystal is abrupt. The curves ͑a͒ and ͑b͒ indicate that at 100 keV energy 219-nm-thick region from the top surface of silicon has been completely amorphized; and at 35 keV energy 93-nm-thick region has been completely amorphized. ͑These results compare within 15% of the SRIM/TRIM simulated amorphous layer thickness.͒ Thus, we can conclude that the nanocantilever beams of 193 nm thickness were fully amorphized at all depths when 100 keV energy was used; and at 35 keV energy only the top 93 nm of the beam thickness is amorphized-the rest of the beam ͑100 nm͒ is fully crystalline. The 35 keV implantation produced a ''bimaterial nanocantilever.'' Figure 4 compares the load displacement curves obtained for ϳ3 m long, ϳ250 nm wide, and ϳ193-nm-thick implanted Si beams for different implantation conditions. The beams were loaded in the direction ͓100͔ perpendicular to the ͗100͘ top plane of the silicon. For the fully amorphized beams the Young's modulus was measured to be 134.5 GPa ͑ϩ/Ϫ6%͒. For partially amorphized ͑93/193 nm͒ implanted beams the Young's modulus was measured to be 150.3 GPa ͑ϩ/Ϫ6%͒. Thus fully amorphized beams show a 20% reduction in the Young's modulus and the partially amorphized ͑93/193 nm͒ beams show an 11% reduction in the Young's modulus compared to an unimplanted nanoscale silicon cantilever beam.
The measured value of modulus for a fully amorphized beam ͑134.5 GPa͒ and single crystal silicon modulus from 8 ͑169 GPa͒ was input to bimaterial ANSYS© simulations. The simulations were used to develop load displacements curves for partially amorphized beams using finite element methods. Following implantation it was observed that the beams were curved upwards as indicated by the SEM micrographs of the 1 m beams in Fig. 1 . This is consistent with the presence of residual stress in the material due to implantation. 5 The authors find that the implantation of Si ϩ into the base single crystal nanostructure caused major amorphization. Since the basic bond structure was modified, a resulting change in the fundamental mechanical property, the Young's modulus was measured. The Young's modulus for amorphous silicon produced by implantation with Si was measured to be slightly, 3%-6%, higher than a previously reported study. 6 This slight difference may be due to the fact that ͑a͒ the method reported in the previous study was an indirect method for modulus evaluation for bulk films, whereas in the present method the test was performed directly on a 3D nanostructure; and ͑b͒ the previous study 6 employed only a gaseous ion species whereas the present study used self-ion implantation. The important point established by this study is that the fundamental mechanical properties of nanostructures can be modified in a controlled manner using ion implantation. These properties can be tailored to suit different nanoelectromechanical systems and other applications.
In summary, nanoscale silicon beams ͑ϳ3 m long, 250 nm wide, and 193 nm thick͒ were implanted with Si ions at energies of 100 and 35 keV and a dose of 1 ϫ10 15 ions/cm 2 . The beams were then tested using an AFM. The Young's modulus of amorphous silicon thus formed was measured to be 134.5 GPa, and the modulus of bimaterial ͑amorphous and single crystal͒ silicon was measured to be 150.3 GPa. Thus fundamental mechanical properties of materials can be controllably modified using implantation at nanometer scale. 
